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Abstract: Here the first photometric study of road-lighting 
white light-emitting diodes (WLEDs) integrated with semi-
conductor colloidal quantum dots (QDs) is reported ena-
bling higher luminance than conventional light sources, 
specifically in mesopic vision regimes essential to street 
lighting. Investigating over 100 million designs uncovers 
that quality road-lighting QD-WLEDs, with a color qual-
ity scale and color rendering index  ≥  85, enables 13–35% 
higher mesopic luminance than the sources commonly 
used in street lighting. Furthermore, these QD-WLEDs were 
shown to be electrically more efficient than conventional 
sources with power conversion efficiencies  ≥  16–29%. 
Considering this fact, an experimental proof-of-concept 
QD-WLED was demonstrated, which is the first account 
of QD based color conversion custom designed for street 
lighting applications. The obtained white LED achieved 
the targeted mesopic luminance levels in accordance with 
the road lighting standards of the USA and the UK. These 
results indicate that road-lighting QD-WLEDs are strongly 
promising for energy-saving quality road lighting.
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1  Introduction
Developing new material systems for lighting technolo-
gies has evolved lighting systems and infrastructure from 
those of primitive gas lamps in the past to the compact 
fluorescent lamps and light-emitting diodes (LEDs) of 
today. Most recently, the transformation into the lumi-
naries using LEDs has been making a rapid progress. To 
date one of the main effort areas for exploiting LED tech-
nology has been the indoor lighting because of the large 
energy consumption of general lighting and the need 
for high photometric quality of artificial lighting [1, 2]. 
Another important focus area of LED-based lighting is 
the road lighting (also known as street lighting), which 
is equally essential to our modern society for a number 
of reasons. First, quality road lighting can enhance the 
safety of roads together with providing comfort for drivers 
and pedestrians [3]. Furthermore, the number and sever-
ity of traffic accidents can be reduced [4] and, as a result, 
people can be saved from traffic accident injury or death, 
and financial losses due to traffic accidents can also be 
minimized. Moreover, night-time traffic activity can be 
safely increased if proper road lighting is available. Also, 
in general, the strong need for maximizing energy effi-
ciency (and thus minimizing energy consumption and 
carbon footprint) motivates increasingly the development 
of new high-efficiency high-quality light sources includ-
ing the street lamps as the concerns regarding the energy 
problem escalate day by day [1, 3].
Designing high quality and high efficiency light 
sources requires careful spectral design. Because of their 
low energy consumption, LEDs are good candidates for 
this purpose. However, broadband-emitting rare earth 
element based phosphor, used for color conversion in 
single chip white LEDs (WLEDs), makes the careful tuning 
of the white light spectrum difficult in addition to the 
raising concerns regarding their supply security [5]. On 
the other hand, the green-gap problem along with cost 
of the driving circuitry limits the use of multi-chip WLED 
approach [6]. Considering all of these arguments, col-
loidal semiconductor quantum dots (QDs) step forward 
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because of their narrow emission bandwidths, which 
allow for careful spectral tuning [7, 8], and their relatively 
high quantum efficiencies [9]. In recent years, QD based 
LEDs involving direct charge injection experienced incred-
ible improvements reaching the theoretical limits in terms 
of efficiency [10]. However, these devices still suffer from 
the low luminance levels that are not suitable for outdoor 
lighting applications and strongly decreasing efficiencies 
at higher currents. Therefore, employing QDs as color con-
vertors on LEDs is more favorable for the general lighting 
applications.
The spectral requirements of these color converting 
QD integrated WLEDs (QD-WLEDs) for indoor applica-
tions have been deeply studied [7, 11] and efficient devices 
have already been demonstrated experimentally [8, 12]. In 
addition to achieving high efficiencies, good color rendi-
tion capability became another focus of research leading 
to QD-WLEDs which can achieve color rendering indices 
above 90 [13]. Another focus of the research has been the 
utilization of Cd-free QDs in QD-WLEDs due to environ-
mental concerns [14–16]. Although these devices exhibit 
successful color rendering capabilities, they lack of high 
efficiencies in general. Despite the significant number of 
studies on QD-WLEDs addressing indoor lighting, their 
application and optimization for the purposes of outdoor 
lighting have not been investigated at all to date. This par-
ticular study aims to fill this gap by first determining the 
necessary spectral features for efficient outdoor lighting 
employing color converting QDs followed by the demon-
stration of a proof-of-concept QD-WLED specifically tar-
geting the road lighting conditions.
Here, we carry out a photometric study of high-quality 
color-conversion LEDs employing blue LEDs integrated 
with semiconductor nanophosphors of colloidal QDs that 
enable higher luminance than those of conventional light 
sources in mesopic regimes given the road lighting stand-
ards in the US and the UK. Having worked with over 100 
million designs, we found that QD-WLEDs can supply 15% 
higher mesopic luminance than cool white fluorescent 
lamps, 13–22% higher than high pressure sodium lamps, 
and 33–35% higher than metal halide lamps, while provid-
ing a color quality scale and color rendering index  ≥  85 at 
the same time. These QD-WLEDs prove to be electrically 
more efficient than conventional sources provided that 
their power conversion efficiencies are  ≥  16–29%, depend-
ing on the luminance level standards and compared 
light sources. Considering these findings, we carried out 
a proof-of-concept experimental demonstration of the 
QD-WLED using green, yellow, and red QDs. The luminance 
exerted by this white LED covered a broad range of visual 
regimes (scotopic: dark-adapted visual regime where rod 
photoreceptors are dominantly active, photopic: light 
adapted visual regime where the cone photoreceptors are 
responsible for the visual perception, and mesopic: the 
visual regime of street lighting where rods and cones work 
together because the lighting level is above the scotopic 
regime and below the photopic regime) while possessing 
an electrical efficiency  > ∼29%. This is the first account of 
a QD-WLED designed for road lighting that is capable of 
competing existing conventional sources in the mesopic 
vision regime.
2   Luminance for road lighting 
conditions
When it comes to the notion of luminance, which is cal-
culated considering the overlap of the radiance of the 
light source with the human eye sensitivity function and 
denotes the useful optical radiance for the human eye, the 
behavior of the photoreceptors within the human retina 
needs to be elucidated. These photoreceptors, which 
are responsible for the vision processes, are rods and 
cones. Rods are sensitive in dark ambience, i.e., they are 
responsible for the so-called scotopic vision [6]. However, 
they cannot provide color information; they are easily 
saturated as the luminance level is increased above a 
threshold level; and they do not make a significant con-
tribution to the vision in the photopic vision regime. On 
the other hand, cones are responsible for providing the 
color information and start to be sensitive above a par-
ticular luminance level, i.e., at photopic vision levels for 
photon-adapted vision. For the luminance levels between 
these two regimes, which is the so-called mesopic regime, 
both types of photoreceptors are active. Consequently, the 
vision sensitivity of human eye in the mesopic regime is 
different than those in the scotopic and photopic regimes.
Although the existence of these differences were well 
known and widely accepted, until most recently there 
has been no consensus on the luminance level bounda-
ries and eye sensitivity function of the mesopic vision 
regime [17–24]. In 2010, this confusion was addressed by 
CIE that published a technical report (CIE 191:2010) on 
a recommended system for mesopic photometry [25]. In 
CIE 191:2010, the mesopic regime is defined for the lumi-
nance levels between 0.005 and 5 cd/m2, and the eye 
sensitivity function for the mesopic regime is expressed 
as a linear combination of the photopic and scotopic eye 
sensitivity functions depending on the level of photopic 
luminance. In this letter, we utilize this most recently 
adapted mesopic photometry system, whose calculation 
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methodology is summarized in the Supplementary Infor-
mation (SI), for the performance evaluation of QD-WLED 
based road lighting.
In addition to this mesopic luminance discussion for 
improved road lighting, another point that deserves atten-
tion is the color rendition capabilities of light sources. 
Raynham and Saksvikrønning reported that a light source 
with good color rendition capability enhances the visual 
recognition (e.g. face recognition) [26], which is mainly of 
interest to pedestrians. However, there is a lot of disagree-
ment about the role of color rendering in facial recognition 
[27]. Despite the ongoing discussions, we included this 
feature of sources in our analyses since a successful color 
rendering may contribute to the street safety, especially for 
the pedestrians; however, we did not use the color rendi-
tion as the final performance metric. Instead, we optimized 
the spectrum for realizing the highest mesopic luminance 
provided that a reasonable color rendition is achieved.
3  Computational methodology
Here, we computed the performance of QD-WLEDs for the 
road lighting and the spectral requirements to realize high 
luminance in the mesopic vision regime together with a 
reasonable color rendering performance. In our study, 
we compared the mesopic luminance performance of the 
QD-WLED designs with the conventional light sources 
including the standard daylight source D65, a cool white 
fluorescent lamp (CWFL), a blackbody radiator at 3000 K, 
a metal-halide lamp (MH), a high pressure sodium lamp 
(HPS) and a mercury vapor lamp (MV), whose correspond-
ing emission spectra were obtained from Ref. [28]. Fur-
thermore, we evaluated the color rendition performance 
of QD-WLEDs using color rendering index (CRI) and color 
quality scale (CQS), which provides healthier results than 
CRI for narrow-band emitters [29]. In our calculations, 
we excluded all the designs having CQS < 85 or CRI < 85 
together with the ones possessing a chromaticity differ-
ence (ΔC) larger than 0.0054 to satisfy the good color ren-
dering condition. Imposing this constraint also ensured 
that the results are compatible with the ANSI NEMA 
standards [30].
To examine the efficiency of the light sources in the 
mesopic region, we selected four photopic luminance 
levels so that the road lighting standards in the USA [31] 
and the UK [32, 33] are satisfied. We chose 0.50 cd/m2 for the 
freeway (0.40–0.60 cd/m2), collector (0.40–0.80 cd/m2), 
and local road lighting (0.30–0.60 cd/m2) conditions 
according to the USA, and the link road standards for 
the UK (0.50–0.75 cd/m2). We denoted this photopic 
 luminance level as Mesopic 1. The second standard, 
0.80 cd/m2, satisfies the US standards of express way ( 0.60–
1.00  cd/m2) and major road lighting ( 0.60–1.20 cd/m2) 
and the  secondary distributor lighting standard of the 
UK (0.75–1.50  cd/m2), which we called Mesopic 2. The 
third standard, 1.25 cd/m2, was chosen to fulfill the UK 
requirements for strategic route (1.00–1.50 cd/m2), major 
distributor (1.00–1.50  cd/m2), and secondary distribu-
tor (0.75–1.50 cd/m2), dubbed here Mesopic 3. Finally, 
the fourth standard, 1.75 cd/m2, was selected for motor-
way lighting standards (1.50–2.00 cd/m2) in the UK here 
referred to as Mesopic 4.
Excluding LEDs, CWFL exhibits the highest mesopic 
luminance at the same optical radiance among all other 
sources for the scotopic regime and the road lighting 
standards Mesopic 1 and 2. For Mesopic 3 and 4, and for 
the photopic regime, HPS takes the lead [12]. Considering 
these, we applied a threshold for the QD-WLEDs such that 
only the QD-WLED designs having higher luminance than 
CWFL and HPS at the same radiance were selected for all 
six photopic luminance values together with CQS ≥  85, 
CRI ≥  85, and ΔC ≤  0.0054. However, we also paid atten-
tion to the fact that HPS and MH are the most widely pre-
ferred light sources for street lighting. Therefore, we made 
use of HPS and MH together with CWFL in our compara-
tive studies. To enhance the computational efficiency, 
we selected the top hundred spectra, whose design was 
carried out similar to Refs. [7] and [34], exhibiting the 
highest mesopic luminance. Further details of the compu-
tation method are given in the SI.
4  Results and discussion
In Figure 1A and Table S1 in the SI, the spectral param-
eters possessing the highest Lmes are listed for all four 
road lighting standards together with the scotopic and 
photopic vision regimes. Photometric and radiometric 
properties of the corresponding spectra are summarized 
in Table S2 in the SI. A careful investigation of Figure 1A 
and Table S1 reveals that at the very low luminance levels 
the maximum mesopic luminance is attained when all 
the color components have similar amplitudes. However, 
at higher luminance values the content of the red com-
ponent is very dominant. The decrease in the relative 
amplitude of the blue emission is also another noteworthy 
feature at higher photopic luminances. Moreover, the rise 
in the yellow intensity is another remarkable fact as the 
luminance level increases. As a result of all these changes, 
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the correlated color temperature (CCT), which is related to 
the shade of the white light, takes lower values that cor-
respond to warmer white.
Another interesting feature of these spectra that 
possess the highest mesopic luminances is the position 
of the peak emission wavelengths of the color compo-
nents. We observe that the blue emission is very close to 
460 nm in all of the cases. Additionally, the red compo-
nent is located at ∼610 nm except for the scotopic case. 
A dedicated discussion on the criticality of wavelength 
selection is included in the next section. However, at 
this point this information shows us that the resulting 
spectra yield a good overlap with the eye sensitivity 
curves (Figure 1A).
In addition to the discussion of spectral parameters, 
the photometric properties of the QD-WLED emission 
deserve attention. Although we did not place any restric-
tion on CCT, we found that the warm white emission 
(CCT ≤  4500 K) can be obtained by preserving very high 
mesopic luminance, CRI, and CQS at the same time. Fur-
thermore, a short discussion on the photopic luminance 
levels and road lighting intervals is also necessary at this 
point. The QD-WLED spectra were generated such that 
their radiances are equal to that of CWFL for the scotopic 
regime and the mesopic road lighting standards, Mesopic 
1 and 2. For the mesopic road lighting standards Mesopic 
3 and 4, and the photopic regime, the radiances of the 
QD-WLEDs were selected equal to that of HPS. There-
fore, it could be possible that the generated white LEDs 
do not remain within the standards mentioned in previ-
ous sections. However, the results show that the designed 
QD-WLEDs are within the standards that we consider in 
this work; therefore, they are still valid.
Achieving high photometric performance is crucial 
for high visual quality of the road lighting. This undoubt-
edly enhances the road safety and contributes to the 
life quality. However, the overall power conversion effi-
ciency, which can be defined as the ratio of total radiant 
flux from the device to the supplied electrical power, is 
another important factor that has to be considered while 
designing a light source. For this purpose, we calculated 
the required radiance of the CWFL, HPS, and MH such 
that the obtained mesopic luminance is equal to the 
mesopic luminances of QD-WLEDs given in Figure 1A (and 
Table S1). The results are summarized in Table S3 in the SI. 
The minimum power conversion efficiency of a QD-WLED 
(ηQD-WLED), which is needed for consuming lower electrical 
energy than the conventional sources CWFL, HPS, and 
MH while generating the same mesopic luminance, can 













where ηconv is the power conversion efficiency of the con-
ventional light source, Pconv and PQD-WLED are the radiances 
of the conventional source and QD-WLED, respectively. 
Taking the efficiencies of CWFL as 28%, HPS as 31%, and 
MH as 24% [34], the minimum required ηQD-WLED turns out to 
be between 21% and 24% when CWFL is employed (Table 
S4 in the SI). In the case that HPS is preferred for compari-
son, QD-WLEDs consume less electrical power than HPS 
Figure 1 (A) Spectra possessing the highest mesopic luminance (continuous lines) and eye sensitivity function (dashed lines) for the 
scotopic vision regime, the mesopic road lighting standards 1–4, and photopic vision regime. (B) Enhancement in the mesopic luminance 
of the QD-WLED designs, which possess the highest mesopic luminance, compared to conventional light sources cool white fluorescent 
lamp (CWFL), high pressure sodium lamp (HPS), metal halide lamp (MH) as a function of radiance. These values were found by calculating 
the ratio of the difference in mesopic luminances of the QD-WLEDs and conventional sources to the mesopic luminance of the conventional 
sources at a given radiance.
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while realizing the same mesopic luminance if their power 
conversion efficiencies become larger than the values pre-
sented in Table S4. Finally, the QD-WLEDs are required to 
possess power conversion efficiencies between 16% and 
18% for them to consume less electrical energy than MH 
lamps while generating the mesopic luminance given in 
Table S3. Considering that 70% film quantum efficien-
cies of QDs can be obtained [9], achieving these required 
power conversion efficiencies is not a big challenge [34].
Another point that is worth mentioning is the effi-
ciency of the luminaires. A luminaire is the system that 
delivers light to the target illumination volume and may 
include reflective surfaces as well as lenses and diffusers 
for mixing and managing the light. The light generated 
by the sources within the luminary is not delivered to 
the target volume with 100% efficiency. The typical effi-
ciency remains around 60% for conventional sources [35], 
and conventional LEDs [36], the rest of the energy is lost 
as heat. However, the LEDs have the potential to possess 
higher luminaire efficiencies even up to 90% when more 
creative luminaire designs are employed [37–41].
Up to this point we compared the performance of the 
QD-WLEDs proposed in Figure 1A and the conventional 
sources by fixing the mesopic luminance that the sources 
are capable of achieving and calculating the required 
radiances. An alternative approach is to investigate the 
enhancement of the mesopic luminance when the QD-
WLEDs and conventional sources possess the same radi-
ance. When all of these sources have radiances equal to 
the ones given in Table S2, the QD-WLEDs in Figure 1A are 
found to exhibit 15–29% higher luminances than CWFL as 
presented in Figure 1B and summarized in Table S4. This 
enhancement becomes 8–172% in the case of compar-
ing to HPS and 33–42% in the case of comparing to MH. 
The results reveal that the use of QD-WLEDs can promise 
higher mesopic luminances than the conventional sources 
while consuming less electrical energy.
From an experimental point of view, obtaining a 
QD-WLED having a specific spectrum, which exactly sat-
isfies the theoretically determined spectral conditions 
stated in the previous section, is a very challenging task 
due to uncontrollable deviations from the ideal design 
during implementation. Therefore, elucidating the strict 
and flexible parameters is of significant importance in 
practice. In our study we use the standard deviation to 
evaluate the criticality of the spectral parameters. Before 
investigating this, however, it is beneficial to know what 
would be the standard deviations if we had uniform dis-
tribution of these parameters. We may use this informa-
tion when concluding the importance of various spectral 
parameters. Our calculations revealed that if we had a 
uniform distribution of peak emission wavelengths, we 
would have a standard deviation of 17.1  nm for the blue 
component and 14.2 nm for the remaining three color com-
ponents. The full-width at half-maximum would have a 
standard deviation of 5.6 nm for all four color components 
in the case of uniform distribution. Finally, the standard 
deviation of relative amplitudes would be 229/1000.
The average and standard deviations of the peak emis-
sion wavelengths of the spectra passing the thresholds are 
given in Table S5 in the SI and illustrated in Figure 2A. The 
results indicate that the blue and red peak emission wave-
lengths should be very carefully adjusted whereas the 
green and yellow components are not as critical. We found 
out that obtaining high mesopic luminance requires a 
blue emission peak located around 460 nm and a red peak 
around 610 nm. As very low standard deviations show, 
only small deviations from these average wavelengths are 
tolerated. However, the choice of green and yellow peak 
emission wavelengths turned out to be not very critical 
Figure 2 Average and standard deviation (error bars) of (A) peak emission wavelength, (B) relative amplitude, and (C) full-width at half 
maximum belonging to the spectra passing the thresholds at the simulated luminance levels. The colors indicate the data points belonging 
to the corresponding color component.
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as their very large standard deviations indicate. There-
fore, it is safe to choose QDs emitting relatively far from 
the average values given in Table S5. Another remarkable 
point is that the choice of the blue wavelength preserves 
its importance under all luminance conditions whereas 
the red choice is partially relaxed in the scotopic and pho-
topic vision regimes. This can be due to the fact that the 
red component gets closer to 620 nm for high efficiency as 
the luminance level increases towards photopic levels [7].
The average and standard deviations of the relative 
amplitudes of the spectra passing the thresholds are given 
in Table S6 in the SI and illustrated in Figure 2B. From these 
results, we can draw several important conclusions. First 
of all, for obtaining high luminance in the mesopic regime 
one has to keep the blue content weak, between 145/1000 
and 175/1000. The standard deviations around 25–30/1000 
do not allow for a stronger blue content without sacrific-
ing good color rendition and high mesopic luminance. 
Another interesting feature is that the blue amplitude and 
its standard deviation decrease as the radiance increases. 
In addition to the blue content, the red exhibits interesting 
properties as well. First, the red should be the dominant 
color component in the spectrum at all the luminance 
levels we tested. The average amplitude values are located 
around 330/1000 for the scotopic vision regime, and 
between 450/1000 and 475/1000 for the four road lighting 
standards and photopic regime. For the scotopic regime, 
the low standard deviation around 27/1000 shows that 
any large deviation will cause a decrease in the photomet-
ric performance. Actually, for the scotopic region all the 
standard deviations of relative amplitudes are very low. 
Therefore, designs should be strictly based on the values 
presented in Figure 2B and listed in Table S6. However, at 
higher luminance levels the standard deviations of the red 
are in the range of 45/1000–60/1000, which gives some 
flexibility during the spectral designs. When it comes to 
the green and yellow components, we observe that the 
green takes intermediate values whose average intensity 
is almost the same at all the radiances. On the other hand, 
the yellow content remains very low, even lower than the 
blue component in some cases. However, both of these 
color components have very large standard deviations, 
which increase the freedom of designers in adjusting their 
weights.
The average and standard deviations of the full-width 
at half-maximum belonging to the spectra passing the 
thresholds are given in Table S7 in the SI and the results 
are illustrated in Figure 2C. Here we observe that the 
blue, green, and yellow color components have similar 
average values and similar standard deviations regardless 
of the luminance level. Moreover, the resulting standard 
deviations (around 5–6 nm) are very close to the case of 
uniform assumption (5.62 nm). Therefore, we conclude 
that the designer has a high flexibility for selecting the 
full-width at half-maximum values of these emitters. The 
only critical color component turns out to be the red one. 
In that case the full-width at half-maximum values are the 
lowest ones except the scotopic case. More importantly, 
for the luminance standards of road lighting the stand-
ard deviations are narrower than the others. Therefore, 
the full-width at half-maximum selection only for the 
red component should be carefully selected. It should be 
narrow (34–35 nm) and large deviations are not tolerated 
at the appropriate luminance levels of road lighting.
5   Experimental demonstration 
of a QD-WLED designed for 
road lighting
Within the framework of this study, we also carried out 
a proof of concept experimental demonstration of a QD 
integrated white LED. First, green, yellow, and red emit-
ting QDs are synthesized. The green- and yellow-emit-
ting QDs, which are synthesized according to Ref. [42], 
acquire CdSe/CdS/ZnS core/graded-shell architecture. 
Details of the synthesis procedure can be found in SI. The 
synthesized QDs emit at 531 and 552 nm, and the corre-
sponding full-width at half maximum values are 41 and 
36 nm. Orange-red emitting CdSe/CdS core/shell QDs are 
synthesized according to Ref. [43]. These QDs acquire a 
peak emission wavelength of 604 nm with a full-width at 
half maximum of 33 nm. Their photoluminescence and 
absorption spectra in hexane are presented in Figure 3A 
along with a photograph under ultraviolet light illumina-
tion (inset). The QD-WLED was prepared with a method 
similar to Ref. [8] employing an Avago ASMT MB00 Blue 
LED emitting at 460 nm together with 55.7, 28.8, and 59.2 
μg of green, yellow, and red QDs, respectively.
The prepared QD-WLEDs were driven at varying 
current levels from 10 to 150 mA. The corresponding emis-
sion spectra are presented in Figure 3B. The emission 
spectra and luminance were measured by using an Ocean 
Optics Maya 2000 spectrometer and Newport optical power 
meter. The spectra presented in Figure 3B reveal that espe-
cially for the high current cases the blue content in the 
white LED spectrum is stronger than it is intended. This is 
related to the density of the QDs in the film; however, the 
challenge here is keeping the quantum efficiency of the 
QDs still at a higher level when the QDs are dense in film. 
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For the luminaries requiring higher currents, this chal-
lenge needs to be overcome possibly through the develop-
ment of new encapsulation techniques.
The luminance levels of the QD-WLED were calcu-
lated according to the photopic and associated mesopic 
eye sensitivity functions. The results are presented in 
Figure 3 (A) Photoluminescence and absorption spectra of the 
quantum dots in hexane along with the photographs of QDs under 
UV illumination. (B) The emission spectrum of the QD-WLEDs at 
various current levels and (inset) the illustration and real photo-
graph of the QD-WLED comprising of a blue LED pumping green, 
yellow, and red QDs.
Figure 4 Experimental demonstration of the photopic and mesopic luminance, and the efficiency of the fabricated QD-WLED along with the 
ratio of mesopic and photopic luminances at the corresponding current levels (inset).
Figure 4 along with the calculated efficiency. The exhib-
ited luminance levels cover a broad range of photopic and 
mesopic luminance levels, which include the luminance 
levels for outdoor lighting aimed in this particular study. 
The spectra of the QD-WLED acquire a better spectral 
overlap with the mesopic eye sensitivity function com-
pared to its photopic counterpart resulting in a higher 
perceived luminance under mesopic conditions. The effi-
ciency levels remaining  > ∼29% show that these proof-of 
concept devices might be efficient competitors of conven-
tional light sources by offering high luminance and good 
color quality.
6  Conclusions
In conclusion, here we have showed that, at the mesopic 
light levels while emitting at the same radiance, QD-
WLEDs can provide ca. 15% higher luminance than the 
CWFL, 13–22% than HPS, and 33–35% than MH light 
sources used for road lighting, thanks to the narrow emis-
sion bands of the QD-WLEDs that are strategically placed 
with the right wavelength combinations. Moreover, we 
found the necessary spectral parameters for achieving 
this high performance at four different luminance levels 
chosen in accordance with the road lighting standards 
of the US and the UK, and in the scotopic and photopic 
vision regimes. Additionally, we demonstrated that these 
high-quality QD-WLEDs are also electrically more effi-
cient than CWFL, HPS, and MH as long as their power 
conversion efficiencies are kept above 24%, 26–28%, 
and 18%, respectively, in the mesopic regime, which 
are achievable levels given the current efficiency levels. 
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These results led us to a proof-of-concept experimental 
demonstration of QD-WLEDs using green, yellow, and 
red QDs. The achieved luminance values covered a broad 
visual regime range while realizing an electrical efficiency 
of  > ∼29%. As a result, here we conclude that replacing 
the conventional sources with these devices can be cost 
effective in terms of operational costs in addition to the 
generation of higher mesopic luminances. Given the 
potentially high performance of QD based color conver-
sion, addressing the stability issues is essential. All in all, 
these results suggest that quantum dot integrated white 
LEDs make strong candidates for replacing conventional 
light sources in the future as they enhance the vision 
quality in the road lighting in addition to energy saving. 
Therefore, they offer the potential to enable safer efficient 
lighting on the roads.
Acknowledgments: We acknowledge ESF EURYI, EU-FP7 
Nanophotonics4Energy NoE, BMBF TUR 09/001, and 
TUBITAK EEEAG 109E002, 109E004, 110E010, 110E217, 
112E183 and in part by NRF-CRP-6-2010-02 and NRF-
RF-2009-09. H.V.D. acknowledges additional support from 
TUBA-GEBIP and T.E. acknowledges support from TUBI-
TAK BIDEB. We also acknowledge Prof. Peter Boyce for his 
valuable feedback.
References
[1] Nizamoglu S, Zengin G, Demir HV. Color-converting 
 combinations of nanocrystal emitters for warm-white light 
generation with high color rendering index. Appl Phys Lett 
2008;92:031102.
[2] Crawford MH. LEDs for solid state lighting: performance chal-
lenges and recent advances. IEEE J Sel Top Quantum Electron 
2009;15:1028–40.
[3] Boyce PR, Fotios S, Richards M. Road lighting and energy sav-
ing. Light Res Technol 2009;41:245–60.
[4] Raynham P. An examination of the fundamentals of road lighting 
for pedestrians and drivers. Light Res Technol 2004;36:307–16.
[5] Graydon O. The new oil? Nat Photon 2011;5:1.
[6] Schubert EF. Light-emitting diodes. 2nd ed. New York, NY, USA: 
Cambridge University Press, 2006.
[7] Erdem T, Nizamoglu S, Sun XW, Demir HV. A photometric inves-
tigation of ultra-efficient LEDs with high color rendering index 
and high luminous efficacy employing nanocrystal quantum dot 
luminophores. Opt Express 2010;18:340–7.
[8] Nizamoglu S, Erdem T, Sun XW, Demir HV. Warm-white light-
emitting diodes integrated with colloidal quantum dots 
for high luminous efficacy and color rendering. Opt Lett 
2010;35:3372–4.
[9] Jang E, Jun S, Jang H, Lim J, Kim B, Kim Y. White-light-emitting 
diodes with quantum dot color converters for display back-
lights. Adv Mater 2010;22:3076–80.
[10] Mashford BS, Stevenson M, Popovic Z, Hamilton C, Zhou Z, 
Breen C, Steckel J, Bulovic V, Bawendi M,  Coe-Sullivan 
S, Kazlas PT. High-efficiency quantum-dot light-emitting 
devices with enhanced charge injection. Nat Photon 
2013;7:407–12.
[11] Zhong P, He G, Zhang M. Optimal spectra of white light- 
emitting diodes using quantum dot nanophosphors. Opt 
Express 2012;20:9122–34.
[12] Erdem T, Demir HV. Color science of nanocrystal quantum 
dots for lighting and displays. Nanophotonics 2013; 
2:57–81.
[13] Liang R, Yan D, Tian R, Yu X, Shi W, Li C, Wei M, Evans DG, 
Duan X. Quantum dots-based flexible films and their applica-
tion as the phosphor in white light-emitting diodes. Chem 
Mater 2014;26:2595–600.
[14] Sohn IS, Unithrattil S, Im WB. Stacked quantum dot embed-
ded silica film on a phosphor plate for superior performance 
of white light-emitting Diodes. ACS Appl Mater Interfaces 
2014;6:5744–8.
[15] Tu C-C, Hoo JH, Böhringer KF, Lin LY, Cao G. Red-emitting silicon 
quantum dot phosphors in warm white LEDs with excellent 
color rendering. Opt Express 2014;22:A276–81.
[16] Chuang P-H, Lin CC, Liu R-S. Emission-tunable CuInS2/ZnS 
quantum dots: structure, optical properties, and application 
in white light-emitting diodes with high color rendering index. 
ACS Appl Mater Interfaces 2014;6:15379–87.
[17] Osram Sylvania Corporation. Lumens and mesopic vision. 
Application Note FAQ0016-0297 (2000).
[18] Johnson LB. Upper limit of mesopic vision. Trans Illum Eng Soc 
1937;32:646–50.
[19] LeGrand Y. Handbook of sensory physiology, Vol. VII/4 Visual 
psychophysics. Berlin, Germany: Springer-Verlag, 1972.
[20] Kokoschka S. Das V(λ)-Dilemma in der Photometrie. 
 Proceedings of 3. Internationales Forum für den lichttechnis-
chen Nachswuchs. TU Ilmenau, Ilmenau, 1997.
[21] IESNA Illuminating Engineering Society of North America, 
IESNA lighting handbook: reference and application. 9th ed. 
New York, USA: IESNA, 2000.
[22] CIE 41:1978. Light as a true visual quantity: principles of meas-
urement. Vienna, Austria:CIE Central Bureau, 1978.
[23] Rea MS, Bullough JD, Freyssinier-Nova JP, Bierman A. A 
proposed unified system of photometry. Light Res Technol 
2004;36:85–111.
[24] Goodman T, Forbes A, Walkey H, Eloholma M, Halonen L, 
 Alferdinck J, Freiding A, Bodrogi P, Várady G, Szalmas A. 
Mesopic visual efficiency IV: a model with relevance to 
night-time driving and other applications. Light Res Technol 
2007;39:365–92.
[25] CIE Technical Report 191:2010. Recommended system for mes-
opic photometry based on visual performance. Vienna, Austria: 
CIE Central Bureau, 2010.
[26] Raynham P, Saksvrikrønning T. White light and facial recogni-
tion. Light J 2003;68:29–33.
[27] Rea MS, Bullough JD, Akashi Y. Several views of metal halide 
and high pressure sodium lighting for outdoor applications. 
Light Res Technol 2009;41:297–320.
[28] Spectra taken from http://cie2.nist.gov/TC1-69/NIST%20
CQS%20simulation%207.4.xls (Accessed on August 4, 2014).
[29] Davis W, Ohno Y. Toward an improved color rendering metric. 
Proc. of SPIE 2005;5941: 59411G–1.
Brought to you by | Bilkent University
Authenticated
Download Date | 10/3/17 3:24 PM
T. Erdem et al.: Energy-saving quality road lighting with colloidal quantum dot nanophosphors      381
[30] Approved American National Standard ANSI_NEMA_ANSLG 
C78.377-2008. American National Standard for electric lamps – 
specifications for the chromaticity of solid state lighting 
products. 2008.
[31] IESNA Illuminating Engineering Society of North America. 
 Recommended Practice RP-8-00 Roadway lighting. New York, 
USA, 2005.
[32] British Standards Institution (BSI), BS 5489-1:2003. Code of 
practice for the design of road lighting – Part 1: lighting of 
roads and public amenity areas. London, UK, 2003.
[33] British Standards Institution (BSI), BS EN 13201-2:2003. Road 
lighting – Part 2: performance requirements. London, UK, 
2003.
[34] Erdem T, Nizamoglu S, Demir HV. Computational study of power 
conversion and luminous efficiency performance for semicon-
ductor quantum dot nanophosphors on light-emitting diodes. 
Opt Express 2012;20:3275–95.
[35] US Department of Energy, Energy Efficiency and Renewable 
Energy, Building Technologies Program. LED Measurement 
Series: Luminaire Efficacy. 2012.
[36] Narisada K, Schreuder D. Light pollution handbook. Dordrecht, 
the Netherlands: Springer, 2004.
[37] LEDs Magazine. Renaissance will demonstrate efficient liquid-
phosphor approach to SSL. May 2010.
[38] Wang S, Wang K, Chen F, Liu S. Design of primary optics 
for LED chip array in road lighting application. Opt Express 
2011;19:A716–24.
[39] Feng Z, Luo Y, Han Y. Design of LED freeform optical system 
for road lighting with high luminance/illuminance ratio. Opt 
Express 2010;18:22020–31.
[40] Wang K, Chen F, Liu Z, Luo X, Liu S. Design of compact freeform 
lens for application specific light-emitting diode packaging. 
Opt Express 2010;18:413–25.
[41] Pan J-W, Tu S-H, Sun W-S, Wang C-M, Chang J-Y. Integration of 
non-lambertian LED and reflective optical element as efficient 
street lamp. Opt Express 2010;18:A221–30.
[42] Bae WK, Kwak J, Lim J, Lee D, Nam MK, Char K, Lee C, Lee S. 
Multicolored light-emitting diodes based on all-quantum-dot 
multilayer films using layer-by-layer assembly method. Nano 
Lett 2010;10:2368–73.
[43] Chen O, Zhao J, Chauhan VP, Cui J, Wong C, Harris DK, Wei H, 
Han H-S, Fukumura D, Jain RK, Bawendi MG. Compact high-
quality CdSe-CdS core-shell nanocrystals with narrow emission 
linewidths and suppressed blinking. Nat Mater 2013;12:445–51.
Supplemental Material: The online version of this article 
(DOI: 10.1515/nanoph-2014-0016) offers supplementary material, 
available to authorized users.
Brought to you by | Bilkent University
Authenticated
Download Date | 10/3/17 3:24 PM
